Inhibitory CD33-related Siglec receptors regulate immune cell activation upon engaging ubiquitous sialic acids (Sias) on host cell surface glycans. Through molecular mimicry, Sia-expressing pathogen group B Streptococcus binds inhibitory human Siglec-9 (hSiglec-9) to blunt neutrophil activation and promote bacterial survival. We unexpectedly discovered that hSiglec-9 also specifically binds high molecular weight hyaluronan (HMW-HA), another ubiquitous host glycan, through a region of its terminal Ig-like V-set domain distinct from the Sia-binding site. HMW-HA recognition by hSiglec-9 limited neutrophil extracellular trap (NET) formation,
Introduction
Sialic acid-binding Ig-like lectins (Siglecs) are type I transmembrane proteins with an N-terminal immunoglobulin (Ig)-like-V-set domain mediating sialic acid (Sia) recognition, followed by a variable number of Ig-like-C-2 set domains, a transmembrane domain, and often, a cytoplasmic tail with one or more immunoreceptor tyrosine-based inhibitory motif (ITIM) that recruits tyrosine phosphatases such as Src homology domain 2-containing tyrosine phosphatase-1 (SHP-1) [1] . Inhibitory CD33-related Siglecs are mammalian immune cell Anel Lizcano, K. Markus Roupé, Xiaoxia Wang and Jason N. Cole contributed equally to this work.
receptors that dampen cell activation upon engagement of sialylated-terminated glycans prominent on cell surface glycoproteins and glycolipids [2, 3] . Among this rapidly evolving gene family, nine inhibitory CD33-related Siglecs have been characterized in humans (hCD33, hSiglec-5 to hSiglec-12), whereas mice have only four (mCD33, mSiglecE-G) [1, 2, 4] Sialic acids can function as ubiquitous self-associated molecular patterns (SAMPs) [5] recognized by these inhibitory CD33-related Siglecs (CD33rSiglecs) to maintain the baseline non-activated state of innate immune cells [6, 7] . This selfrecognition helps to counter-regulate inflammatory responses activated upon sensing of damage-associated molecular patterns (DAMPs) [8] including high mobility group box-1 (HMGB1) [9] , ATP [10] , heat shock proteins [11] and mitochondrial DNA [12] or pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS), peptidoglycan, and flagellin [13] .
If regulation by inhibitory CD33rSiglecs is perturbed, pathologies may ensue including eosinophilic airway inflammation in mSiglec-F knockout mice [14] , elevated proinflammatory cytokines in mice lacking mSiglec-G [8] , asthma associated with hSiglec-8 polymorphisms [15] , or exaggerated T cell responses linked to an hSiglec-9 gene polymorphism [16] . Mouse microglial cells lacking mSiglec-E showed increased inflammatory responses and neurotoxicity in neuronal co-culture experiments [17] , and hSiglec-10 is a selective modulator of the immune response to the DAMP HMGB1 released by necrotic cells [8] . These lines of investigation identify CD33rSiglecs as important immune response regulators [7] .
Neutrophils are 50-70 % of circulating leukocytes and represent a critical first-line innate host defense mechanism [18] . Neutrophils migrate from the circulation to foci of infection in response to bacterial or host-derived chemoattractants, inflammatory cytokines, and endothelial adhesion molecules. Neutrophils carry out microbicidal activities including phagocytosis, generation of reactive oxygen species (ROS), degranulation to release antimicrobial peptides and proteases, and deployment of neutrophil extracellular traps (NETs) [18] . However, neutrophilic inflammation risks damaging host cells, and homeostatic mechanisms are in place to allow resolution of the inflammatory response [18] . Inhibitory CD33-related hSiglec-9 is constitutively expressed by human neutrophils [19, 20] while mouse neutrophils possess inhibitory mSiglec-E [4] . We previously found that the human bacterial pathogen group B Streptococcus (GBS) uses Sia mimicry in its surface polysaccharide capsule to engage hSiglec-9 and mSiglecE, suppressing neutrophil activation [21, 22] .
Like Sias, glycosaminoglycans (GAGs) are natural glycans highly enriched and widely distributed on vertebrate cells and extracellular matrices, but rarely expressed by microorganisms [23] . Hyaluronan (HA) is a GAG composed of repeating disaccharide units of N-acetyl-D-glucosamine (GlcNAc) and D-glucuronic acid (GlcA) with alternating β1-4 and β1-3 linkages, i.e., (GlcNAcβ1-4GlcAβ1-3)n typically existing in a native high molecular weight of >1000 kDa state (HMW-HA) [24] . HMW-HA is abundant in many tissues including synovium [25] , heart valves [26] , skeletal tissues [27] , and skin [28] , where its functions include space filling, hydration/lubrication, and provision of a matrix through which cells can migrate [29] .
HA exerts different biological activities depending on its molecular mass; whereas low molecular weight HA fragments (LMW-HA), released under inflammation and tissue injury conditions, tend to induce inflammation by inducing proinflammatory cytokines and chemokines (TNF-α, IL-1β, IL-8, MIP-1α/β, RANTES, MCP-1), promoting cell proliferation and angiogenesis [30, 31] . In contrast, native HMW-HA may act to mitigate inflammatory damage by downregulating the inflammatory response and HA turnover [24, 30, 32] . One mechanism by which HA modulates the inflammatory response is through recognition by cell surface glycoprotein CD44 [33] . CD44-deficient mice exhibit exaggerated TLR4-mediated sepsis responses to LPS [34] , and had problems resolving inflammation as shown by impaired clearance of apoptotic neutrophils and persistent accumulation of LMW-HA at the site of tissue injury [35] .
Here, when GAGs were used as a "control" for negatively charged glycans in studying human CD33rSiglec interactions, we unexpectedly observed a strong selective recognition of HMW-HA by human Siglec-9 on neutrophils. This interaction increased SHP-1 recruitment to the inhibitory receptor and suppressed neutrophil oxidative burst, NET formation, and apoptosis. Domain mapping identified the first Ig-like domain as responsible for HMW-HA binding, independent of Sia binding. We found that this dynamic interaction was exploited by the human-specific bacterial pathogen, group A Streptococcus (GAS), which uses molecular mimicry in its HMW-HA capsule to suppress neutrophil activation and promote its own survival. A weaker binding interaction of HMW-HA to inhibitory mSiglec-E on mouse neutrophils allowed us to further corroborate the functional impact of this discovery using wild-type (WT) and knockout (KO) animals ex vivo and in vivo.
Materials and methods

Ethics statement
Simple phlebotomy for neutrophil collection from healthy adult donors was performed with informed consent under a protocol approved by the University of California San Diego (UCSD) Human Research Protection Program. Animal studies were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health under a protocol approved by the UCSD Institutional Animal Care and Use Committee at the University of California, San Diego. All efforts were made to minimize suffering of animals employed in this study.
Siglec-Fc purification
Siglec-9-EK-Fc/pcDNA3.1 construct expressed a recombinant soluble human Siglec-9-Fc protein (hSiglec-9-Fc) with three extracellular Ig-like domains of hSiglec-9 attached to human IgG Fc. For hSiglec-5/7 and −11-Fc, we used constructs encompassing 4, 3, and 5 extracellular Iglike domains, respectively. The hSiglec-9-Fc R120K contains Arg→Ala mutation in the V-set domain, known to eliminate sialic acid recognition [19] . Fusion proteins were prepared by transient transfection of Chinese hamster ovary TAg cells following the established protocol [19] . Siglec-Fc proteins were purified from culture supernatant by adsorption to protein A-Sepharose (GE Healthcare); human CD44-Fc chimera was purchased from R&D Systems. hSiglecs-Fc and CD44-Fc were treated with 25 and 5 mU of Arthrobacter ureafaciens sialidase (AUS) for 60 min to remove Sias, prior to elution from the protein A-Sepharose.
Preparation of multiple siglec-9-Fc expression fusion constructs
A DNA fragment of human Siglec-9 encoding the first two Iglike domains was amplified by Pfu-ultra high-fidelity polymerase (Stratagene) following their protocol using 5 -AAGCTTCAGACAAGTAAACTGCTGACG-3 (HindIII site)+5 -TCTAGAGCCGTCTCCTTGGAAGAC-3 (XbaI site) as primers and human Siglec9EK-Fc-pEDdC as template. The amplicon was cloned into expression vector Signal pIgplus MCSvector (Lab Storage), giving rise to a fusion protein of Siglec-9 extracellular domains and a human IgG Fc tail (hSiglec-9-Fc 2D). A fusion Fc construct encoding the first Iglike domain (V-set) of hSiglec-9 and the second Ig-like domain (C2-set) of hSiglec-7 was made through two-step cloning. hSiglec-9 V-set domain was amplified using 5 -AAGCTTCAGACAAGTAAACTGCTGACG-3 (HindIII site) + 5 -TCTAGATGTCACATTCACAGAGAGCCG-3 (XbaI site) as primers and human Siglec9EK-Fc-pEDdC as a template. The fragment was cloned into Signal pIgplus MCSvector. The positive clone containing the inserted human Siglec-9 V-set domain was used as the vector for next-step cloning. hSiglec-7 C2-set domain was amplified using primers 5 -TCTAGAGCCTTGACCCACAGGCCCAAC-3 (XbaI site)+5 -GGATCCGTGCCTTCTCCTTGGAAGAC-3 (BamHI site) and Siglec7EK-Fc-pEdDC as template. The fragment was cloned into Signal pIgplus MCSvector carrying human Siglec-9 V-set, giving rise to a fusion protein of hSiglec-9 V-set domain, hSiglec-7 C2-set domain and a human IgG Fc tail (hSiglec-9 V-7C2-Fc). A fusion Fc construct encoding the first Ig-like domain (V-set) of hSiglec-7 and the second Ig-like domain (C2-set) of hSiglec-9 was also made through two-step cloning. Siglec-7 V-set domain was a m p l i f i e d u s i n g p r i m e r s 5 -A A G C T T -CAGAAGAGTAACCGGAAGGAT-3 (HindIII site) and 5 -TCTAGATGTCACGTTCACAGAGAGCTG-3 (XbaI site underlined) and hSiglec7EK-Fc-pEDdC as template. The fragment was cloned into Signal pIgplus MCSvector. The positive clone containing the inserted hSiglec-7 V-set domain was used as the vector for the next step cloning. hSiglec-9 C2-s e t d o m a i n w a s a m p l i f i e d u s i n g 5 -T C TA G A -GCCTTGACCCACAGGCCCAAC-3 (XbaI site) and 5 -GGATCCGTGCCGTCTCCTTGGAAGAC-3 (BamHI site) as primers and Siglec9EK-Fc-pEdDC as template. The fragment was cloned into Signal pIgplus MCSvector carrying hSiglec-7 V-set, giving rise to a fusion protein of hSiglec-7 V-set domain, hSiglec-9 C2-set domain and a human IgG Fc tail (hSiglec-7 V-9C2-Fc). T4 DNA ligase (Invitrogen) was used for the DNA ligation. DNA sequencing verified the coding sequences remained in-frame. The Fc chimera proteins were prepared by transient transfection of Chinese hamster ovary TAg cells with Siglec-Fc constructs following the established protocol [19] . Siglec-Fc proteins were purified from culture supernatant by adsorption to protein A-Sepharose, hSiglecs-Fc chimeric proteins were treated with 25 mU AUS for 60 min at room temperature to remove Sia. Acquired Fc proteins were quantified using the BCA protein assay reagent (Pierce).
Recognition of high molecular weight hyaluronan (HMW-HA) by hSiglec-9-Fc
The binding of hSiglec-9/5/7/11 and hCD44-Fc chimeras to HMW-HA (Sigma-Aldrich) was determined using a previously described method with minor modifications. Briefly, 10 μg/well HMW-HA was covalently bound to CovaLink plates (Thermo Scientific) using 1 % EDC (1-ethyl-3[3-dimethylaminopropyl] carbodiimide hydrochloride) (Thermo Scientific). Plates were incubated for 2 h at 37°C and then overnight at room temperature. Wells were blocked with 1 % bovine serum albumin (BSA)/ phosphate-buffered saline (PBS) for 2 h at room temperature. hSiglec-9-Fc was diluted in 20 mM Tris (pH=8.0), 150 mM NaCl, 1 % BSA at 0.125 μg/well and incubated for 2 h at 37°C. Anti-human IgG-HRP (Bio-Rad) was used as secondary antibody at 1:5000 dilution and incubated for 1 h at 37°C. TMB substrate solution (BD Biosciences) was added and the absorbance was detected at 450 nm.
Specific inhibition of binding of Siglec-9 to HMW-HA The glycosaminoglycans (GAGs) used in this study included HMW-HA from rooster comb or bovine vitreous humor, HMW-heparan sulfate (HS) from bovine kidney, chondroitin sulfate A (CSA) from bovine trachea, heparin from bovine lung (all purchased from Sigma-Aldrich), and differentially sized HA fragments from Hyalose. HMW-HA was immobilized to CovaLink plates as described above. hSiglec-9-Fc (0.125 μg/well) was pre-incubated for 30 min at 37°C in the presence of GAGs or HA fragments in binding buffer: 20 mM Tris (pH=8.0), 150 mM NaCl, 1 % BSA). Then, hSiglec-9-Fc/GAGs were added to wells and incubated for 2 h at 37°C. Anti-human IgG-HRP (Bio-Rad) was used as secondary antibody at 1:5000 and incubated for 1 h at 37°C. Absorbance was detected at 450 nm.
Assay for Siglec-Fc binding to bacteria
The interaction of hSiglec-9 with bacteria was determined using a previously described method [36] with minor modifications. Immulon ELISA plates were coated with 0.025 mg/ml protein A (Sigma-Aldrich) in coating buffer (67 mM NaHCO 3 , 33 mM Na 2 CO 3 , pH=9.6) overnight at 4°C. Wells were washed and blocked with assay buffer (20 mM Tris pH= 8.0, 150 mM NaCl, 1 % BSA) for 1.5 h at 37°C. Aliquots of hSiglec-9-Fc diluted in assay buffer were added to individual wells at 0.025 mg/ml for 2 h at 37°C. GAS strains were labeled with 0.1 % fluorescein isothiocyanate (FITC) (Sigma) for 1 h 37°C and then suspended at 1×10 7 cfu/ml in assay buffer; then, strains were added to each well and centrifuged at 805×g for 10 min. For competition assays, before adding bacterial strains, HMW-HA from rooster comb or bovine vitreous humor (Sigma-Aldrich), heparin from bovine lung (SigmaAldrich) and heparan sulfate purified from CHO cells were added to the wells and incubated for 60 min. Bacteria were allowed to adhere for 15 min at 37°C, wells were washed to remove unbound bacteria, and the residual fluorescence intensity (exCitation, 485 nm; emission, 538 nm) measured using a Spectra Max Gemini XS fluorescence plate reader (Molecular Devices).
Blocking antibodies
Human neutrophils were purified from normal human volunteers using the PolyMorphPrep system (Axis-Shield), suspended in Roswell Park Memorial Institute (RPMI) 1640 medium + 2 % autologous heat-inactivated human plasma. Two commercial anti-hSiglec-9 antibodies were assessed for their ability to block the binding of HMW-HA to human neutrophils: mouse monoclonal anti-hCDw329 (BD Biosciences Pharmingen, #550906) and goat anti-hSiglec-9, (R&D Systems #BAF1139). For blocking binding of HMW-HA to CD44, mouse anti-human CD44 (Thermo Scientific #MS-178-PABX) was used. Fluorescein-HA (Sigma-Aldrich) at 10 μg/ml was incubated for 60 min at 4°C and binding measured by fluorescence-activated cell sorting (FACS).
Neutrophil adhesion to immobilized HMW-HA
First, 5×10
5 neutrophils were labeled with FilmTracer Calcein green (Invitrogen) vital staining according to the manufacturer instructions. Then, 1 μg/ml HMW-HA (Sigma) was bound to 96-well plate and blocked with 3 % BSA, and then neutrophils plated and incubated at 37°C for 30 min. After washing the plate with 1 % BSA in Hanks' balanced salt solution (HBSS), adherent cells were visualized under a fluorescent microscope and enumerated by counting in a hemocytometer. As a control for specific binding to HMW-HA and hSiglec-9, neutrophils were incubated α-Sig-9(HA) to inhibit hSiglec-9/HA interaction, α-Sig-9(Sia) to inhibit hSiglec-9/Sia recognition or α-CD44 Abs for 10 min.
SHP-1 recruitment
Human neutrophils were seeded into 6-well plates at 1.2×10 7 cells and pretreated in the presence/absence HMW-HA and ±25 nM of phorbol-12myristate 13-acetate (PMA). Protein concentration was normalized to 1 mg and immunoprecipitation performed using goat anti-Siglec-9, (R&D Systems #BAF1139) at 2 μg/ml in the presence of 5× protease inhibitor cocktail, phosphatase inhibitors (50 mM Na 3 O 4 V,10 mM NaF, 20 mM imidazole, 5 mM Na Molybdate) and 5 mU micrococcal nuclease for 12 h at 4°C. The next day, protein-G Sepharose beads were added for 3 h at 4°C. Proteins were separated by reducing SDS-PAGE, transferred to PVDF and probed with anti-Siglec-9 (R&D Systems #BAF1139) and rabbit anti-SHP-1 (Santa Cruz Biotechnology #sc-287) an appropriate HRP-conjugated secondary antibody and quimioluminicence substrate (Thermo Scientific).
Oxidative burst assay
First, 2×10
6 neutrophils/ml were suspended in HBSS (Thermo Scientific) with Ca 2+ and Mg 2+ + 5.5 mM glucose in the presence of 10 μg/ml OxyBURST Green H 2 HFF BSA (Molecular Probes) for 30 min. 5×10 5 PMNs were seeded into 24-well plates and pretreated in the presence/absence of α-Sig-9(HA), α-Sig-9(Sia) or α-CD44 Abs at 3.2 μg/1×10 6 cells for 10 min, and then washed with 1 % BSA in HBSS before use. Neutrophils were incubated with 10 μg/ml of HMW-HA or infected with GAS strains at a multiplicity of infection (MOI)=20 bacteria per cell, and plates then centrifuged at 805×g and incubated at 37°C, 5 % CO 2 for 30 min. 25 nM of PMA was used as positive control. Neutrophils were gated according SSC/FSC and oxidative burst measured by FACS.
Neutrophil extracellular trap assays
Neutrophils were seeded into 24-well plates at 5×10 5 cells/ well and pretreated in the presence/absence of α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 Abs at 3.2 μg/1 × 10 6 cells for 10 min and then washed with 1 % BSA in HBSS before use. PMNs were incubated with 10 μg/ml of HMW-HA or infected with GAS strains at a multiplicity of infection (MOI)=10 bacteria per cell, and then incubated with 25 nM of PMA in RPMI + 2 % heat-inactivated FBS (66°C) at 37°C, 5 % CO 2 for 3 h to induce NET release. Cells were fixed with 4 % paraformaldehyde for overnight at 4°C, and then cells were washed with PBS and blocked with 2 % BSA-PBS + 2 % goat serum for 45 min at room temperature. Cells were stained with rabbit anti-human myeloperoxidase (Dako) at 1:300 for 1 h at room temperature. Neutrophils were washed and visualized by incubation with secondary antibody AlexaFluor488 goat anti-rabbit IgG (Invitrogen) and 4 ,6-diamidino-2-phenylindole (DAPI) at 1:500 and 1:10,000, respectively, for 45 min at room temperature in the dark. NETs were visualized under a fluorescent microscope. To quantify NET DNA release, 500 mU micrococcal nuclease was added for 10 min at 37°C and the reaction stopped with 5 mM EDTA. The plate was centrifuged at 200×g for 8 min and the supernatant was transferred into a 96-well plate, mixed with 100 μl of Quanti-iT Picogreen (Invitrogen), and incubated for 2-5 min at room temperature in the dark. Fluorescence intensity (exCitation, 485 nm; emission, 538 nm) was measured using a Spectra Max Gemini XS fluorescence plate reader (Molecular Devices). Concentration of extracellular DNA was expressed as percentage of DNA from experimental wells compared to total DNA of 5×10 5 cells.
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
Neutrophils were seeded into 24-well plates at 2×10 6 cells/ well, pretreated in the presence/absence of α-Sig-9(HA) or isotype control at 3.2 μg/1×10 6 cells for 10 min, then washed with 1 % BSA in HBSS before use. Neutrophils were incubated with 10 μg/ml of HMW-HA. To avoid the effect of growth factors present in FBS, neutrophils were incubated in RPMI medium alone for 18 h. As a positive control, 5 μg of staurosporine was used. The % apoptosis was determined by dividing terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells versus the total number of cells × 100.
Group A Streptococcus strains and growth conditions
Human GAS serotype M1T1 isolate 5448 was isolated from a patient with necrotizing fasciitis and toxic shock [37] . Its mouse-passaged derivative 5448 AP is a highly encapsulated strain [38] . The isogenic mutants deficient in synthesis of hyaluronan 5548 ΔhasA [39] and Δsda1 [40] were described previously. All strains were propagated in Todd-Hewitt broth (THB) to early log phase (OD 600 of 0.4), collected and washed prior to assay. Group B Streptococcus (GBS) WT strain serotype III (COH1), a heavily encapsulated isolate from a neonate with early onset sepsis [41] , was grown in THB to early log phase, collected and washed prior to assay.
Neutrophil microbicidal assays
Human neutrophils were suspended in RPMI 1640 medium+ 2 % autologous heat-inactivated human plasma and seeded in 96-well plates at 2×10 5 cells/well. Before infection, neutrophils were incubated with α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 Abs at 3.6 μg/ml×10 min then washed with 1 % BSA in HBSS before use. Early logarithmic phase GAS (OD 600 = 0.4), were suspended in RPMI 1640 medium + 2 % heatinactivated human plasma and added to neutrophils at MOI=10 bacteria per cell. Plates were centrifuged at 805×g and incubated at 37°C in 5 % CO 2 . After incubation for 30 min, neutrophils were lysed in dH 2 O, serially diluted and plated on THA to enumerate surviving GAS colony forming units (CFU). Internal control wells without neutrophils were used to determine baseline bacterial counts at the assay endpoint. GAS % survival was calculated as (CFU/ml experimental well)/(CFU/control well) × 100.
Murine siglec-E and mouse infection studies
Binding of mSiglec-E and hSiglecs9/7 to HMW-HA was determined using an ELISA. Biotinylated HMW-HA was immobilized in microtiter wells with streptavidin, blocked and washed with 0.05 % Tween-20/PBS, the respective Siglec-Fc chimeras added at 10 μg/ml for 2 h at room temperature, and binding detected with goat anti-human IgG-HRP and TMB substrate solution (BD Biosciences) at OD 400 nm. Peritoneal neutrophils from WT and mSiglec-E KO mice were collected after 3 % thioglycollate challenge, infected with logphase WT GAS at MOI=1 bacteria/neutrophil, and surviving bacterial CFU enumerated at 30 and 90 min after 0.025 % Triton × 100 lysis of cells. For blood survival, heparinized blood was collected by heart puncture from WT and mSiglec-E KO mice and 1×10 4 logarithmic phase WT or acapsular (ΔhasA) mutant bacteria added to 200 μl blood and surviving CFU enumerated at the indicated time points. In the in vivo infection, WT and mSiglec-E KO mice were infected with 1.0×10 7 CFU of logarithmic phase WT GAS in volume of 200 μl by peritoneal (IP) injection. Animals were euthanized 5 h post-infection, and peritoneal fluid, liver and spleen collected for enumeration of CFU on THA after overnight incubation.
Results
Specific recognition of hyaluronan by the Ig-like-V-set domain of hSiglec-9
When GAGs were used as a control in studying human CD33rSiglec interactions, we unexpectedly observed a strong selective recognition of HMW-HA by a hSiglec-9-Fc chimera (hSiglec-9-Fc) (Fig. 1a) . HMW-HA was recognized by hSiglec-5-Fc to a much lesser extent, and did not interact significantly with hSiglec-7-Fc or hSiglec-11-Fc (Fig. 1a) . Remarkably, hSiglec-9-Fc bound 3.4-fold better than CD44-Fc, a well known HA receptor [33] (Fig. 1a) .
To confirm selective recognition of HA by hSiglec-9, we performed competition assays using other mammalian GAGs with similar underlying backbone structures. While 10 μg/ml of soluble HMW-HA (GlcNAcβ1-4GlcAβ1-3) n blocked binding of hSiglec-9-Fc to immobilized HMW-HA, identical concentrations of HMW sulfated GAGs heparan sulfate and heparin with similar underlying backbones but more negative charge (GlcNAcα1-4GlcAβ1-4/ IdoAα1-4) n or chondroitin sulfate with a partially shared disaccharide backbone and identical linkages (GalNAcβ1-4GlcAβ1-3) n did not interfere with hSiglec-9-Fc binding to HMW-HA (Fig. 1b) .
The extracellular domain of hSiglec-9 has three Ig-like domains: an N-terminal V-set domain for Sia recognition followed by two C-2 set domains [19, 20] . To further map the domain on Siglec-9 responsible for HMW-HA recognition, we constructed different hSiglec-9 chimeric proteins in which the V-set domain or C-2 set domains were eliminated. To ensure correct folding, these hSiglec-9 Ig-like domains were expressed with either the V-set or C-2 set domain of hSiglec-7, a Siglec that did not bind to HMW-HA (Fig. 1a) . Prominent HMW-HA binding was observed only in chimeric proteins in which the V-set domain of hSiglec-9 was present (e.g., Sig-9 V-7C2), with reduced HMW-HA binding by hSiglec-9-Fc 2D (Sig-9 2D, lacking the third Ig domain), suggesting this Ig domain was critical for protein folding (Fig. 1c, d ). In contrast, a chimeric protein containing the V-set domain of hSiglec-7 and the ), a fusion protein construct of the hSiglec-9 V-set domain + the second Ig-like domain (C2-set) of hSiglec-7 + human IgG Fc tail (hSiglec-9 V-7C2-Fc), a fusion protein construct encompassing V-set domain of hSiglec-7 + C2-set of hSiglec-9 + human IgG Fc tail (Siglec-7 V-9C2-Fc), a fusion protein construct of the hSiglec-9 V-set domainc+ first C2-set domain + human IgG Fc tail (Siglec-9=Fc 2D). Results are expressed as the mean ± SD. All experiments were performed in triplicate, repeated three times (a, d) or two times (b). One-way ANOVA with Dunnett's multiple comparison test; P<0.001 (***) second C-2 set domain of hSiglec-9 (Sig-7 V-9C2) did not bind to HMW-HA (Fig. 1c, d ). As the V-set domain of hSiglec-9 was responsible for HMW-HA recognition, we evaluated binding of an hSiglec-9-Fc with an Arg→Ala mutation known to completely eliminate Sia recognition engineered in the V-set domain (hSiglec-9 R120K -Fc) [19] , and saw only a modest decrease in binding (Fig. 1c, d) , indicating that the V-set domain of hSiglec-9 is responsible for both HMW-HA and Sia recognition, but through independent sites.
High molecular weight hyaluronan is recognized by hSiglec-9 on human neutrophils HA exerts different biological activities depending on its molecular mass; whereas low molecular weight HA fragments (LMW-HA) tend to induce inflammation and cell proliferation, HMW-HA may act to mitigate inflammatory damage [30] . Competitions with soluble HMW-HA (>1000 kDa) completely abrogated HA binding to hSiglec-9-Fc, whereas only partial inhibition was observed with soluble LMW-HA of 200-300 or 25-75 kDa mass, and no inhibition using soluble oligo-HA (hexamer) and nano-HA (nonamer) fragments (Fig. 2a) .
Inhibitory CD33-related Siglec-9 is prominently expressed on human neutrophils [19] , and prior literature suggested that CD44 is the principal cellular surface counter-receptor involved in HA recognition [33] . We confirmed by flow cytometry that both hSiglec-9 and CD44 are constitutively expressed on our purified human neutrophils, with CD44 perhaps in higher abundance (Fig. 2b) . FITC-labeled HMW-HA bound effectively to human neutrophils expressing the two receptors (Fig. 2c) . To identify a tool for studying the role of hSiglec-9 in neutrophil-HA interactions, we evaluated two commercial antibodies (Abs) against hSiglec-9-a mouse monoclonal Ab (mAb) manufactured by BD Pharmingen (#550906) and a polyclonal Ab manufactured by R&D Systems (#BAF1139). Pre-exposure of human neutrophils to the former mAb inhibited their binding to FITC-labeled HMW-HA, whereas the latter Ab had no effect (Fig. 2d) . Opposite results where observed using binding of hSiglec-9-Fc to the Sia-expressing capsule of GBS, wherein the #BAF1139 Ab blocked the interaction and the #550906 mAb had no effect (Fig. 5b) . We designated the mAb that blocked the HMW-HA:hSiglec-9 interaction "α-Sig-9(HA)" and Ab that blocked the Sia:hSiglec-9 interaction "α-Sig-9(Sia)" for the analyses below.
HA plays a role in neutrophil recruitment [42] , and we confirmed that human neutrophils bound to immobilized HMW-HA but not to an uncoated well (Fig. 2e, f) . This interaction of neutrophils with immobilized HMW-HA was inhibited by α-Sig-9 (HA) and an anti-CD44 blocking mAb (Thermo Scientific), but not by α-Sig-9(Sia) (Fig. 2e, f) . Thus, hSiglec-9 and CD44 each contribute to neutrophil HMW-HA binding, with blockage of both receptors producing an increased effect (Fig. 2e, f) .
HMW-HA binding to hSiglec9 induces SHP-1 recruitment and blunts neutrophil extracellular trap production, oxidative burst, and apoptosis When an inhibitory CD33rSiglec engages sialoglycan ligands via its V-set domain, a signal is transduced to the cytoplasmic ITIM (immunoreceptor tyrosine-based inhibitory motif) that interacts with and activates inhibitory phosphatase Src homology domain 2-containing tyrosine phosphatase-1 (SHP-1) [3] . We found that HMW-HA treatment of human neutrophils increased SHP-1 association with hSiglec-9 at baseline and following stimulation with phorbol 12-myristate 13-acetate (PMA) (Fig. 3a) . Upon stimulation, neutrophils generate ROS and elaborate DNA-based extracellular traps (NETs) [18] . Treatment with HMW-HA inhibited ROS production by PMA-stimulated human neutrophils, and this inhibition was counteracted by treatment with α-Sig-9(HA) but not α-Sig-9(Sia) or anti-CD44 (Fig. 3b) . NETs are the byproduct of a specialized cell death process in which decondensed chromatin is released into the extracellular space, forming fibrous structures decorated with antimicrobial histones, peptides, and proteases [18, 43] . Pretreatment with HMW-HA attenuated NET production upon PMA stimulation, as assessed by immunostaining of extracellular DNA/myeloperoxidase and DNA quantification, NET formation is indicated by white arrows (Fig. 3c, d ). NET production was restored in the presence of HMW-HA by treatment with α-Sig-9(HA) but not α-Sig-9(Sia) (Fig. 3c, d ). In contrast with its lack of effect on ROS generation, anti-CD44 also restored NET production in the presence of HMW-HA (Fig. 3c, d) .
Neutrophils have the shortest lifespan among circulating leukocytes [44] , and prolongation of neutrophil lifespan is important for effective host defense at sites of infection or tissue injury. Conversely, apoptosis and clearance of activated neutrophils is a critical control point for terminating the inflammatory response [45] . Purified human neutrophils exposed to HMW-HA exhibited a significant increase in viability after 24 h in standard RPMI media compared to control neutrophils (11.3 vs. 2.7 %) (Fig. 4a) ; addition of α-Sig-9(HA) inhibited the protective effect of HMW-HA (Fig. 4a) . When neutrophil apoptosis was assessed by TUNEL assay at 18 h in the presence or absence of the apoptosis-inducing agent staurosporine, HMW-HA was found to inhibit apoptosis in a manner that was reversible by α-Sig-9(HA) but not by an isotype control antibody (Fig. 4b) . Collectively, these data indicate that HMW-HA interaction with hSiglec-9 serves to blunt neutrophil ROS generation, NET formation and apoptosis.
Group A Streptococcus engages hSiglec-9 via its surface HMW-HA capsule CD33rSiglec function is exploited by the bacterial pathogen GBS, which expresses a preferred terminal α2-3-linked Sia (Neu5Ac) ligand in its surface polysaccharide capsule, a "molecular mimicry" that allows hSiglec-9 binding and downregulates neutrophil responses, promoting bacterial survival [21, 22] . An even more prevalent human pathogen, GAS, causes both localized and life-threatening invasive infections, and expresses a surface capsule composed of HMW-HA, shielding it from host immune detection [46] . GAS mutants lacking HA capsule are sensitive to phagocytic killing and attenuated in animal infection models [39] . GAS strains isolated from invasive human infections or upon animal passage are frequently hyper-encapsulated due to mutations in the covRS (csrRS) system regulating HA biosynthesis [47, 48] .
We found that hSiglec-9-Fc bound to GAS strain 5448 (WT), a clinical isolate representative of the globally disseminated, hyper-virulent M1T1 clone [38] (Fig. 5a ). This interaction was HA-dependent, as hSiglec-9-Fc did not bind an isogenic HA-deficient mutant (ΔhasA) GAS (Fig. 5a) , and the interaction was blocked by α-Sig-9(HA) but not α-Sig-9(Sia) (Fig. 5b) . On the other hand, the binding of the sialylated bacterial pathogen group B Streptococcus (GBS) to hSiglec-9-Fc was blocked by using α-Sig-9(Sia), but not α-Sig-9(HA) (Fig. 5b) . Conversely, 1.6-fold increase in hSiglec-9-Fc binding was observed using an animalpassaged (AP) hyper-encapsulated derivative of the WT GAS strain known to harbor a covS mutation (Fig. 5a) . GAS binding by hSiglec-9-Fc was much more prominent that binding by hSiglec-5, -6, -7, and -11, and similar in magnitude to GAS binding by CD44-Fc (Fig. 5c) . Competition with soluble HMW-HA blocked hSiglec-9-Fc recognition of WT GAS in a fragments were added to compete with binding of hSiglec-9-Fc to immobilized HMW-HA plates. Binding was evaluated using an antihuman IgG-HRP. Experiment was performed in triplicate and repeated three times; results are expressed as mean±SD. b Flow cytometry reveals constitutive expression of Siglec-9 and CD44 on human neutrophils from nine different donors; geometric mean±95 % confidence interval. c Binding of FITC-labeled HMW-HA to neutrophils of these donors was evaluated by flow cytometry; geometric mean±95 % confidence interval. d Human neutrophils were pretreated with anti-Siglec-9 monoclonal antibodies, anti-human CDw329 (BD Pharmingen, #550906) and antihuman Siglec-9 (R&D Systems, #BAF1139) and effects on binding to FITC-labeled HMW-HA determined. CDw329 Ab blocked binding of HMW-HA, but not GBS capsule and was designated "α-Sig-9(HA);" in contrast, the R&D Systems Ab blocked recognition of GBS capsule, but did not interfere with binding to HMW-HA, and was thus designated "α-Sig-9(Sia)." Data pooled from five independent experiments in triplicate; data represent the mean±SD. e, f Calcein-labeled human neutrophils were pretreated with α-Sig-9(HA), α-Sig-9(Sia), and α-CD44 mAbs, added to wells coated with immobilized HMW-HA to facilitate adherence, then unbound neutrophils washed away. Remaining neutrophils were lifted and enumerated. Experiment was performed in triplicate and repeated five5 times; results are expressed as mean±SD. One-way ANOVA with Dunnett's multiple comparison test; P<0.001 (***) Fig 3 HMW -HA binding to hSiglec-9 induces SHP-1 recruitment and blunts neutrophil NET production and oxidative burst. a 1.2×10 7 human neutrophils were incubated for 30 min±10 μg/ml of high molecular weight hyaluronan (HMW-HA) ± 25 nM PMA. Cell lysates were immunoprecipitated with α-Siglec9 and SHP-1 recruitment was visualized by western blot analysis; results were repeated two times with similar results; representative experiment with relative densitometry values is shown. b Neutrophils were pretreated with α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 Abs, incubated with 10 μg/ml of HMW-HA and activated for 30 min with PMA. Reactive oxygen species (ROS) release was measured with the OxyBURST Green H 2 HFF BSA probe and results expressed as mean fluorescence intensity (MFI)±SD; experiment was repeated five times with similar results; representative experiment is shown. c Neutrophils were pretreated α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 mAbs, then incubated with 10 μg/ml of HMW-HA and activated with PMA for 3 h; production of neutrophil extracellular traps (NETs) visualized by staining for DAPI (DNA, blue) + anti-myeloperoxidase/AlexaFluor488 (green); representative fields at ×20 magnification is shown; experiment was performed in triplicate and repeated five times. d NET production was quantified by Quant-iT™ PicoGreen® assay for extracellular DNA; results are expressed as mean ±SD; experiment was repeated three times in triplicate with similar results; representative experiment shown. One-way ANOVA with Dunnett's multiple comparison test; P<0.001 (***) Fig 4 HMW -HA binding to hSiglec-9 prolongs neutrophil viability and inhibits neutrophil apoptosis. a Lifespan of human neutrophils was evaluated in the presence or absence of α-Sig-9(HA) or α-Sig-9(Sia) mAbs; neutrophil viability was evaluated by trypan dye exclusion at 24 h of incubation. Results represent mean±SD. Triplicate wells were repeated three times with similar results; representative experiment is shown. Images show representative wells at ×32 magnification. b Apoptosis of human neutrophils was evaluated upon pretreatment with α-Sig-9(HA) or isotope control IgG ± 5 μg/ml of staurosporine; fragmentation of DNA was evaluated by TUNEL assay at 18 h; results expressed as mean fluorescence intensity (MFI)±SD and repeated two times in triplicate with similar results; representative experiment is shown. One-way ANOVA with Dunnett's multiple comparison test; P<0.001 (***) or P<0.05 (*) dose-dependent manner, whereas identical amounts of the negatively charged sulfated GAGs heparin and heparan sulfate did not interfere with binding (Fig. 5d) . These data indicate that GAS functionally interacts with hSiglec-9 via its HMW-HA capsule.
HMW-HA mimicry by the bacterial pathogen group A Streptococcus subverts neutrophil oxidative burst, NETs, and bactericidal activity A principal role of neutrophils is to limit pathogen dissemination. We hypothesized that HA molecular mimicry by GAS could blunt neutrophil activation through engagement of the inhibitory hSiglec-9. When neutrophils were infected with WT and capsule-deficient ΔhasA GAS, production of ROS was significantly lower in response to the HA-expressing WT strain (Fig. 6a, b) . The impaired neutrophil ROS response to WT GAS was partially restored by treatment with α-Sig-9(HA) but not α-Sig-9(Sia) (Fig. 6a) . These antibodies had no influence on neutrophil ROS production at baseline (Fig. 6a) or in response to the acapsular ΔhasA strain (Fig. 6b) . Tested in parallel in this assay, anti-CD44 treatment did not influence neutrophil ROS production (Fig. 6a) . Since the M1T1 clone of GAS elaborates a potent DNase that rapidly degrades NETs [38, 40] , we used an isogenic DNase knockout mutant (Δsda1) treated or not treated with hyaluronidase (HA-ase) to determine the effect of GAS HA capsule on NET production. Significantly fewer NETs were produced in response to the capsule-expressing GAS Δsda1 vs. the hyaluronidase-treated GAS Δsda1, an effect that was once again counteracted by treatment with α-Sig-9(HA) but not α-Sig-9(Sia) (Fig. 6c, d ). Antibody treatments did not restore NET production in response to HA-ase-treated GAS Δsda1, suggesting that either DNase or HA are sufficient to inactivate NET defenses (Fig. 6c, d) . Indeed, when pretreated with α-Sig-9(HA) but not α-Sig-9(Sia), human neutrophils showed Fig 5 Group A Streptococcus (GAS) engages hSiglec-9 via its surface hyaluronan capsule. a Human Siglec-9-Fc was immobilized to ELISA wells using protein A, and binding of FITC-labeled forms of WT GAS, its isogenic HA capsule-deficient mutant (ΔhasA), an animal-passaged hyperencapsulated (AP) derivative, and its isogenic HA capsuledeficient mutant (AP ΔhasA) were evaluated; results are expressed as mean ±SD and repeated five times in triplicate with similar results; representative experiment shown. One-way ANOVA with Dunnett's multiple comparison test; P < 0.001 (***). b Human Siglec-9-Fc chimera was immobilized to ELISA wells via protein A in the presence of α-Sig-9(HA), α-Sig-9(Sia), or isotype control Abs and binding of FITC-labeled WT GAS or sialic acid-expressing serotype III group B Streptococcus (GBS) evaluated. c Human Siglec-9/9R120K/5/6/7/11 and human CD44-Fc chimera were immobilized to ELISA wells via protein A. Binding of FITC-labeled WT GAS was evaluated. Results represent mean±SD; triplicate wells, representative experiment depicted of five independent repeats with similar results, performed in triplicate. d hSiglec-9-Fc was immobilized to ELISA plates using protein A, then wells were pretreated with HMW-HA, HMW-heparan sulfate, or heparin over the indicated range of concentrations. Binding of FITClabeled WT GAS was evaluated significantly enhanced killing of WT HA-expressing GAS (Fig. 6e) . Tested in parallel in these assays, anti-CD44 treatment also increased NET production and bacterial killing in response to infection with WT GAS (Fig. 6c-e) . These results indicate that GAS can utilize HA mimicry to blunt neutrophil activation and promote its own survival through engagement of hSiglec-9 and CD44 on the neutrophil surface.
Fig 6
Group A Streptococcus (GAS) binding to hSiglec-9 via its surface HMW-HA capsule blunts neutrophil oxidative burst, NET responses, and bactericidal activity. a, b Neutrophils were labeled with OxyBURST Green H 2 HFF BSA in the presence of α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 mAbs, infected with WT or isogenic ΔhasA GAS at MOI=20 for 30 min and oxidative burst measured by FACS; results are expressed as MFI±SD and repeated twice with similar results; representative experiment is shown. c PMA-stimulated neutrophils (5×10 5 cells) were pretreated with α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 mAbs and exposed for 3 h to MOI=10 of GAS (DNase mutant) that had been pretreated or not with hyaluronidase to remove HA capsule and NET production visualized by staining for DAPI (DNA, blue) + antimyeloperoxidase/AlexaFluor488 (green); results wre repeated five times in triplicate, representative fields at ×32 magnification is shown. d NET production was quantified by Quant-iT™ PicoGreen® assay for extracellular DNA; results are expressed as mean±SD and repeated two times with similar results; representative experiment shown. e Neutrophils were pretreated with α-Sig-9(HA), α-Sig-9(Sia), or α-CD44 mAbs, infected with WT or isogenic ΔhasA GAS at multiplicity of infection (MOI)=10 for 30 min, then cells lysed and dilutions plated on agar for enumeration of colony forming units to evaluate neutrophil killing of GAS. Data represent the mean+SD of triplicates; repeated four times with similar results; representative experiment shown. Oneway ANOVA with Dunnett's multiple comparison test; P<0.001 (***) or P<0.05 (*)
Murine Siglec-E binds HMW-HA and is exploited by pathogen group A Streptococcus molecular mimicry for innate immune evasion
The mouse functional paralogue of hSiglec-9, mSiglecE, was found to bind HMW-HA, albeit at a reduced level compared to the human inhibitory receptor (Fig. 7a) . The recent availability of mSiglec-E knockout mice [49] allowed us to further examine the significance of this receptor in GAS HMW-HA capsule-mediated resistance to neutrophil killing and innate immune clearance. Compared to WT controls, mSiglec-Edeficient neutrophils showed enhanced killing of WT GAS (Fig. 7b) , and whole blood of mSiglec-E knockout mice better restricted the growth of the WT bacterium (Fig. 7b) ; the nonvirulent acapsular ΔhasA GAS did not proliferate in the blood of either mouse strain (Fig. 7c) . When mice were challenged systemically with WT GAS by intraperitoneal injection and sacrificed 5 h post-infection, significantly reduced bacterial counts (approximately 1 log-fold lower) were recovered from the peritoneal fluid, liver and spleen of mSiglecE KO compared to WT animals (Fig. 7d) . These findings suggest that the inhibitory neutrophil receptor mSiglecE can be exploited by the HMW-HA expressing GAS to promote its own survival, an example of molecular mimicry that recapitulates the Sia-dependent mSiglecE engagement recently shown to promote GBS virulence in the mouse model [22] .
Discussion
We have identified hSiglec-9, prominently expressed on neutrophils, as the first example of a Siglec that recognizes a glycan other than Sia. The HA binding site is located in the Ig-like V-set domain and is distinct from the Sia-binding site, and only native HMW-HA preparations (>1000 kDa) efficiently engage hSiglec-9. CD44 is the main receptor responsible for HA recognition [33] and diverse HA-binding proteins have been identified, including brevican [50] , neurocan [51] , versican [52] , aggrecan [53] , lymphatic vessel endothelial hyaluronan receptor-1 (LYVE1) [54] , TNF-stimulated gene-6 (TSG-6) protein [55] , and hyaluronan receptor for endocytosis (HARE) [56] . In addition, serum-derived hyaluronan-associated protein (SHAP) is an HA modifying protein [57] , and now in our study, a prominent binding of HMW-HA by CD33-related hSiglec-9 is revealed. A motif responsible for binding to HA was present in all the earlier proteins, except for aggrecan and SHAP, designated the LINK module [58] and the B(X 7 ) B motif; when we mutated the essential residues in the LINK module (data not shown) or eliminated the domain that contained the LINK-like module (Fig. 1c, d ), we did not abrogate the binding of HMW-HA to hSiglec-9-Fc (Fig. 1c, d ). These data suggest that the recognition of HA by hSiglec-9 is mediated by a novel HA-binding domain.
Fig 7 Murine
Siglec-E binds HMW-HA and is exploited by group A Streptococcus molecular mimicry for innate immune evasion. a ELISA shows mSiglec-E binds HMW-HA, at a reduced level compared to the human inhibitory receptor (n=4 replicates). Compared to WT controls, mSiglec-E-deficient neutrophils (b) and whole blood (c) showed enhanced killing of WT GAS. Assays performed in triplicate, repeated three times for WT GAS and two times for ΔhasA acapsular mutant bacteria. Two-tailed t test was used to calculate significance. d Intraperitioneal challenge of WT and mSiglec-E KO mice. Five-hour post-infection, significantly reduced bacterial counts were recovered from the peritoneal fluid, liver, and spleen of mSiglecE KO compared to WT animals. n=8 animals per group. Statistical analysis performed by one-way ANOVA with Bonferroni post-test. P<0.001 (***), P<0.01 (***) or P<0.05 (*)
A number of studies have focused on the regulation of macrophage activation by HA, where it has been observed that native HMW-HA (>1×10 6 Da) preparations dampened inflammation by engaging CD44 [30] . However LMW-HA (<5×10 5 Da) fragments, arising from degradation by excessive reactive oxygen species that accumulate during tissue injury and inflammation, can exacerbate the inflammatory response by interacting with Toll-like receptors [3, 24, 34] . In asthmatic patients, fibroblasts produced elevated concentrations of LMW-HA and alveolar macrophages downregulated the expression of CD44 that impaired HA clearance from the lung, contributing to an enhanced inflammatory response [59] . Our data showed that only native HMW-HA efficiently bound Siglec-9 and LMW-HA (2-3×10 5 Da) could not outcompete the Siglec-9 recognition (Fig. 2a) .
Limited information is known about the function of HA in neutrophil biology. HA is rare in the blood circulation because it is rapidly cleared by specific hepatic receptors [60] . One study found that neutrophils adhere within liver sinusoids via CD44, where HA is abundant, and that blocking of CD44-HA interaction diminished liver pathophysiology and damage in response to LPS challenge [61] . Cross-linking of CD44 using an anti-CD44 antibody induced IL-6 secretion in neutrophils, in a manner that was further enhanced by interferon-γ [62] . However, another study recently suggested that the adhesion of neutrophils to endothelium was HA-dependent but CD44-independent [63] . In our case, HMW-HA by engaging hSiglec-9 on neutrophils promoted recruitment of SHP-1 and limited oxidative burst, NET production, and apoptosis. Recently, extraordinarily HMW-HA (up to 6 megadaltons) unique to the naked mole rat was shown to block malignant transformation via engagement of a CD44/Merlin/INK4A signaling pathway, perhaps contributing to the notably long lifespan of the species [64] . Our data suggest another possible contributory mechanism for this finding-the dampening of production by innate immune cells of free radicals that are thought to promote aging [65] .
Neutrophils are the most abundant leukocytes in the blood, and are recruited to the site of insult in response to bacterial infection within minutes. However, even in the absence of an inciting pathogen, i.e., during trauma, ischemia, perfusion, injury, toxin exposure, and certain auto-inflammatory disorders, the release of DAMPs into the extracellular space can induce chemokine release and upregulation of endothelial adhesion molecules that promote neutrophil recruitment. Under these circumstances, selective mechanisms able to counterregulate the neutrophil driven inflammatory process must exist. CD33-related Siglecs have been recognized as negative regulators of the innate immune response and leukocyte reactivity, but heretofore only through their recognition of sialic acids (Sia) [6, 7] . Like Sia, HMW-HA appears to function as a SAMP capable of modulating the neutrophil activation state (Fig. 8) . Strikingly, the dual homeostatic function of hSiglec-9 has been independently exploited through parallel molecular mimicry phenotypes by two important human bacterial pathogens, GBS (Sia), and GAS (HMW-HA), an apparent example of convergent evolution to dampen neutrophil activation and increase resistance to neutrophil killing (Fig. 8) . Understanding the molecular basis of specific glycan recognition by inhibitory Siglec receptors may provide opportunities for therapeutic manipulation of neutrophil function in inflammatory and infectious disease conditions. Siglec-9, detects two distinct host glycans, sialic acid, and high molecular weight hyaluronan (HMW-HA), as "self-associated molecular patterns" to maintain neutrophil homeostasis. Two leading human bacterial pathogens, group B Streptococcus, which expresses a sialic acid capsule, and group A Streptococcus, which expresses an HMW-HA capsule, have independently evolved molecular mimicry to exploit this immune regulatory mechanism
